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Twenty-three 3-nitrotriazole-based and 2-nitroimidazole-based amides and sulfonamides were screened for antitubercular (an-
ti-TB) activity in aerobic Mycobacterium tuberculosis H37Rv by using the BacTiter-Glo (BTG) microbial cell viability assay. In
general, 3-nitrotriazole-based sulfonamides demonstrated anti-TB activity, whereas 3-nitrotriazole-based amides and 2-nitro-
imidazole-based amides and sulfonamides were inactive. Three 3-nitrotriazole-based sulfonamides (compounds 4, 2, and 7)
demonstrated 50% inhibitory concentration (IC50), IC90, and MIC values of 0.38, 0.43, and 1.56 �M (compound 4), 0.57, 0.98,
and 3.13 �M (compound 2), and 0.79, 0.87, and 3.13 �M (compound 7), respectively. For 3-nitrotriazole-based sulfonamides,
anti-TB activity increased with lipophilicity, whereas the one-electron reduction potential (E1/2) did not play a role. 2-Nitroimid-
azole-based analogs, which were inactive in the BTG assay, were significantly more active in the low-oxygen assay and more ac-
tive than the 3-nitrotriazoles. All active nitrotriazoles in the BTG assay were similarly active or more potent (lower MIC values)
against resistant strains, with the exception of compounds 2, 3, 4, and 8, which demonstrated greater MIC values against isonia-
zid-resistant strains. Five 3-nitrotriazole-based sulfonamides demonstrated activity in infected murine J774 macrophages, caus-
ing log reductions similar to those seen with rifampin. However, some compounds caused toxicity in uninfected macrophages.
In conclusion, the classes of 3-nitrotriazole-based amides and sulfonamides merit further investigation as potential antitubercu-
lar agents.

Tuberculosis (TB), an infectious disease caused by Mycobacte-
rium tuberculosis, is the second leading cause of death world-

wide. According to the World Health Organization (WHO), 8.6
million people developed TB and 1.3 million died from the disease
in 2012 (1). Infection by M. tuberculosis represents an escalating
threat for global health due to potential coinfection with HIV and
the increasing prevalence of multidrug-resistant (MDR) and ex-
tensively drug-resistant (XDR) TB. In addition, one-third of the
world’s population is infected with latent, nonproliferating per-
sistent (NRP) M. tuberculosis and has a 10% lifetime risk of devel-
oping active TB (2). NRP TB fosters tolerance to many drugs and
may explain the long treatment time required to eliminate infec-
tion (3).

The WHO recently called for the implementation of directly
observed treatment short courses (DOTS), in which treatment
compliance is monitored by health care workers. However, this
approach risks failure because it requires at least 6 months of treat-
ment. Thus, the development of novel drugs, especially drugs that
target NRP M. tuberculosis, as well as the development of im-
proved combination regimens could result in shortening the
length and cost of treatment, increased patient compliance, and
prevention or slowed emergence of drug resistance.

Nitroimidazoles are one of the most promising classes of new
antitubercular drugs for clinical development against NRP M. tuber-
culosis, with at least two candidates in clinical trials: OPC-67683 (Ot-
suka Pharmaceutical Co. Ltd.), a 5-nitroimidazooxazole, and PA-824
(PathoGenesis; now Novartis), a 5-nitroimidazooxazine (4, 5). Both
compounds exhibit early bactericidal activity in patients (6, 7). Met-
ronidazole, a 5-nitroimidazole antibiotic used to treat anaerobic
bacterial infections, was one of the first compounds to show selec-
tive bactericidal activity against NRP M. tuberculosis, whereas no
activity was seen in aerobic, actively proliferating bacilli (8, 9).

Latent bacilli subsist in a state of low metabolic activity within
granulomatous lesions formed in the infected lungs; these lesions
are highly hypoxic (10). Thus, metronidazole, albeit a drug with
moderate activity, kills anaerobic bacilli due to a hypoxia-acti-
vated mechanism (11). This is the rationale for using nitrohet-
erocyclic compounds (12) as well as other bioreductive prod-
rugs (13, 14) known to be activated under hypoxia as drugs
against latent TB.

We previously showed that the 2-nitroimidazole-linked chlo-
roquinoline NLCQ-1 (15) and its analog, NLCQ-2, have signifi-
cant and selective in vitro bactericidal activities against dormant
M. tuberculosis (16). The activities were comparable to that of the
nitroimidazopyran PA-824. Both NLCQ-1 and NLCQ-2 were
originally developed as weak DNA-intercalating bioreductive
prodrugs to target solid tumors upon hypoxic activation by reduc-
tive enzymes (15, 17).

In the present study, we investigated 3-nitrotriazole-based
amides and sulfonamides as potential antitubercular agents, in
the hope that such compounds could potentially target both
replicating and NRP M. tuberculosis; 2-nitroimidazole analogs
were tested in parallel for comparison purposes. 3-Nitrotriazole-
based amides, sulfonamides, amines, and piperazines have dem-
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onstrated excellent antitrypanosomal activities in vitro and in vivo
(18–21). We have shown that the activities of these compounds
against Trypasoma cruzi (the causative parasite of Chagas disease)
and Trypanasoma brucei brucei (one of the causative parasites of
human African trypanosomiasis) are mediated via 2-electron re-
duction of the compounds by oxygen-insensitive type I nitrore-
ductase (NTR), which is specific to the trypanosomatids (18, 19,
21). Since trypanosomatids are not hypoxic and 2-electron-medi-
ated reductions are associated with aerobic conditions, the activa-
tion of nitrotriazoles, at least in these parasites, occurs under aer-
obic conditions. Therefore, it is plausible that a similar activation
mechanism of 3-nitrotriazole-based compounds occurs in repli-
cating M. tuberculosis.

MATERIALS AND METHODS
Tested compounds. The compounds were synthesized in our laboratory
as has been described elsewhere (18). Stock solutions of each compound
in dimethyl sulfoxide (DMSO; 10 mM) were prepared and checked by
liquid chromatography-mass spectrometry/UV analysis (LC-MS/UV) for
purity, at 254 nm. Compound solubility in assay media was determined by
using a Nephelostar Galaxy microtiter plate reader. A reading of �29,000
was selected to identify compounds that precipitated in media at the high-
est tested concentration of 100 �M.

Amikacin sulfate (Sigma) at 13.1 mM in sterile water was used as the
positive control. Six known inhibitors of M. tuberculosis (isoniazid [INH],
rifampin [RMP], pyrimethamine [PMA], ethambutol [ETB], and cyclos-
erine [CSR]) were tested in parallel as additional references.

Bacterial strains, growth conditions, and media. M. tuberculosis
H37Rv (ATCC 27294; ATCC, Manassas, VA) was used for the initial
screening. Strains used in secondary screenings included M. tuberculosis
H37Rv (SRI 1345), INH-resistant M. tuberculosis (SRI 1369), RMP-resis-
tant M. tuberculosis (SRI 1367), and ofloxacin (OFX)-resistant M. tuber-
culosis (SRI 4000). Minimal bactericidal concentration (MBC) determi-
nations, low-oxygen recovery assays (LORAs), and intracellular drug
screening assays were conducted using only M. tuberculosis H37Rv (SRI
1345).

Permanent frozen (�80°C) stocks of H37Rv were prepared in Middle-
brook 7H9 broth (Becton Dickinson) supplemented with 0.2% glycerol
(Becton Dickinson), 0.05% Tween 80 (Becton Dickinson), and 10% ADC
enrichment (albumin, dextrose, catalase; Becton Dickinson). A contami-
nation check on the thawed cultures was performed with Trypticase soy
agar plates and incubation for 3 to 4 days.

All manipulations of M. tuberculosis bacteria were conducted in accor-
dance with the Biosafety in Microbiological and Biomedical Laboratories
5th edition, in biosafety level 3 (BSL3) containment laboratories.

Mycobacterium tuberculosis assay. For the M. tuberculosis high-
throughput screening (HTS) assay, black, clear-bottom, 384-well mi-
crotiter plates and 7H12 broth were used. Compounds stocks in
DMSO were diluted in assay medium (1% final DMSO concentration)
to create 10 serial dilutions to a 2� final test compound concentration,
and 25-�l aliquots of these diluted compounds were transferred to
384-well plates. Amikacin was included at 0.17 �M (its approximate
MIC) as an indicator of proper assay performance and at 3.20 �M, a
concentration which completely inhibits growth and was used as back-
ground, to calculate percent inhibition by the test compounds for each
plate. Plates containing test compounds, controls, and references were
transferred into the BSL3 facility for bacteria addition and incubation.
The bacterial stock was diluted to 1 � 105 to 2 � 105 CFU/ml in
Middlebrook 7H12 broth supplemented with 0.1% Casitone, 5.6
�g/ml palmitate, 0.5% bovine serum albumin, and 4 �g/ml catalase,
and 25 �l was plated over the compounds by using a Thermo Scientific
Matrix WellMate. Historical 50% inhibitory concentration (IC50) and
IC90 values for the amikacin control were 0.102� 0.07 �M and 0.141 � 0.08
�M (means � standard deviations; n � 366), respectively. Plates were

incubated for 7 days at 37°C with approximately 95% humidity. Autofluo-
rescence of test compounds was determined by prereading the high-dose
plate for fluorescence using a PerkinElmer Envision plate reader at
535-nm excitation and 590-nm emission.

After incubation, Promega BacTiter-Glo (BTG) microbial cell viabil-
ity reagent (25 �l) was added, the plates were incubated for an additional
20 min at room temperature and sealed with PerkinElmer clear TopSeal
A, and luminescence was read from the top using a PerkinElmer Envision
plate reader. The BTG reagent lyses the bacteria for ATP quantification
based on luciferase production as the endpoint (22).

Data were analyzed using the IDBS Activity Base software. Results
for the individual wells were expressed as the percent inhibition, which
was calculated from the median cell counts in the wells, as follows:
{[median cells in control wells � median cells in high-dose amikacin
wells) � (median cells in test wells � median cells in high-dose ami-
kacin wells)]/(median cells in control wells � median cells in high-
dose amikacin wells)} � 100.

Dose-response curves were generated by using a four-parameter logis-
tic fit (Excel Fit, equation 205) with the maximum and minimum locked
at 100 and 0. From these curves, MIC, IC90, and IC50 values were calcu-
lated. Compounds with activities outside the tested ranges were reported
as either less than the minimum concentration or greater than the maxi-
mum concentration, as appropriate.

Secondary assays. Subsequent to initial dose-response testing, ac-
tive compounds were subjected to secondary assays for evaluation of
antimycobacterial activity in a low-throughput format. These assays
included determinations of MICs in sensitive and resistant strains
(INH-resistant, RMP-resistant, and OFX-resistant M. tuberculosis),
MBC determinations, LORA, intracellular (macrophage) drug screening,
and 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT) cell proliferation tests. Listed below are abbreviated summaries of
each assay.

MIC determinations. The broth microdilution assay format, follow-
ing the guidelines established by the Clinical and Laboratory Standards
Institute, was routinely utilized for MIC testing. Briefly, testing was con-
ducted using 96-well, U-bottom microplates with an assay volume of 0.2
ml/well. First, the test medium, Middlebrook 7H9 broth supplemented
with oleic acid-albumin-dextrose-catalase enrichment (BD BioSciences,
Sparks, MD), was added (0.1 ml/well) to each well. The test compounds
were added (0.1 ml/well) to appropriate wells at twice the intended start-
ing concentration and serially diluted 2-fold across the plate. The plates
were then inoculated with a targeted concentration of 1.0 � 106 CFU/ml
M. tuberculosis and incubated at 37°C for 7 days in approximately 90%
humidity. Following incubation, the plates were read visually, and indi-
vidual wells scored for turbidity, partial clearing, or complete clearing.
Testing was conducted in duplicate, and the following controls were in-
cluded in each test plate: (i) medium only (sterility control); (ii) organism
in medium (negative control); (iii) rifampin or isoniazid (positive con-
trol). The reported MICs are the lowest concentrations of drug that visu-
ally inhibited growth of the organism.

MBC. The MBC was determined subsequent to MIC testing by sub-
culturing diluted aliquots from wells that failed to exhibit macroscopic
growth. The sample aliquots were inoculated onto Middlebrook 7H10
agar plates and subsequently incubated for 16 to 21 days at 37°C. Once
growth was readily apparent, the bacterial colonies were enumerated. The
MBC was defined as the lowest concentration of compound that exhibited
99.9% killing. MBC values greater than 16� the MIC typically indicate
antimicrobial tolerance.

LORA. For NRP M. tuberculosis, the LORA was used (23). For mea-
surements carried out at the UIC, M. tuberculosis H37Rv containing a
plasmid with an acetamidase promoter driving a bacterial luciferase gene
was adapted to low-oxygen conditions. Briefly, microplates were prepared
in the same manner as for the MIC testing format. The microplate cultures
were placed under anaerobic conditions (oxygen concentration less than
0.16%), incubated at 37°C for 10 days, and then transferred to an ambient
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gaseous condition (5% CO2-enriched air) incubator for a 28-h “recov-
ery.” The numbers of CFU (determined by subculture onto Middlebrook
7H11 agar) during the 10-day incubation did not increase and remained
essentially unchanged. After the 28-h aerobic recovery, 100 �l of culture
was transferred to white 96-well microtiter plates for determination of
luminescence. For measurements not conducted at the UIC, the plates
were placed under anaerobic conditions in a MACS MIC automated jar
gassing system and incubated for 7 days at 37°C. The plates were subse-
quently transferred to an ambient gaseous condition (5% CO2) for 7 days,
after which an absorbance reading was taken via an Envision plate reader.
Testing was conducted in duplicate in all cases, and average values were
recorded.

Intracellular drug activity. Briefly, the murine J774 cell line was
propagated in RPMI 1640 supplemented with L-glutamine and fetal
bovine serum (FBS) at 37°C in the presence of 5% CO2. For infection
studies, J774 cells were transferred to 12-well tissue culture plates in
1-ml volumes at a density of 2.0 � 105 in the presence of 10% FBS.
After overnight incubation, the medium was replaced with fresh me-
dium containing 1% FBS to stop macrophage division while maintain-
ing cell viability. Twenty-four hours later, the macrophage monolayer
was enumerated for the total number of cells per well to determine the
infection ratio. The medium was replaced with 1 ml of fresh medium
with 1% FBS containing M. tuberculosis at a multiplicity of infection
(MOI) of 5 mycobacteria/macrophage. The cells were infected for 4 h,
after which time nonphagocytosed mycobacteria were washed from the
monolayers and fresh medium was added. Drugs were then added, using
3 concentrations of each, and infection was allowed to proceed for 7 days.
At 0 and 7 days, the macrophages were lysed with sodium dodecyl sulfate,
treated with DNase, diluted, and plated onto 7H10 agar to determine the
cell numbers or CFU. Each drug concentration was tested in duplicate,
and rifampin was used as the positive control. A drug cytotoxicity control
plate assay (MTT proliferation) was also conducted in parallel with unin-
fected macrophages.

One-electron reduction E1/2 determination. Half-wave potential val-
ues (E1/2) for 3-nitrotriazoles were determined by using cyclic voltamme-
try in acetonitrile. The E1/2 value provides information about the ease of
the one-electron reversible reduction of these compounds according to
the reaction shown in Fig. 1.

All measurements were performed in a jacketed, one-compartment
cell, using an Au working electrode, Pt counter electrode, and Ag pseu-
doreference electrode with 25°C water running through the cell’s outer
jacket via a circulating water bath. The electrolyte solution was 0.10 M
TBAPF6 in acetonitrile. After a blank cyclic voltammogram (CV) was
taken, ferrocene (Fc) was added to act as an internal potential reference. In
most measurements, 5 �l of a 100 mM stock solution of the triazole
compound in acetonitrile was added to the electrolyte solution. All CVs
were recorded at 0.1 V/s. The E1/2 values were determined in V and relative
to Fc.

RESULTS
Antitubercular activity data from the initial screening. The
chemical structures and the results from the initial screening of all
tested compounds against H37Rv M. tuberculosis, by using the
BTG assay, are shown in Table 1. From 10 3-nitrotriazole-based
sulfonamides (compounds 1 to 10), seven (compounds 1 to 5, 7,
and 8) were active against rapidly proliferating (RP) M. tubercu-

losis, with IC50s of 0.38 to 11.84 �M and IC90 values of 0.43 to
13.59 �M (0.17 to 4.94 �g/ml). MIC values were approximated,
since they were determined as the first actual point in the plateau
phase of the dose-response growth curves and were not calculated
from the fitted curves (Fig. 2). Therefore, in most cases, the re-
ported MIC values are greater than the actual ones and the IC90

values more accurately reflect the antitubercular potencies of the
compounds. Among the 3-nitrotriazole-based sulfonamides,
chlorothiophenesulfonamide compounds 2 and 4 and the trifluo-
romethoxy-phenylsulfonamide compound 7 demonstrated the
greatest potency as antitubercular agents, with IC50 and IC90 val-
ues at nM concentrations and MIC values at low �M (�4 �M)
concentrations (Table 1). It was noticeable that all of them had a
4-methylene linker between the 3-nitrotriazole ring and the sul-
fonamide group. The 3-nitrotriazole-based sulfonamides, com-
pounds 6, 9, and 10, that did not show activity against RP M.
tuberculosis had lower clogP values (low lipophilicity; clogP is the
log of the ratio of the concentrations of an unionized solute in
octanol versus water, i.e., the log of the partition coefficient, and is
a measure of lipophilicity) than the active ones. Therefore, lipo-
philicity seems to play an important role in the antitubercular
activity, and this was more apparent when we compared pairs of
similar compounds, such as 1 and 2, 3 and 4, or 3 and 5. Thus, in
the first two cases, the more lipophilic compound demonstrated a
lower IC90 value, whereas in the last case compounds 3 and 5, with
the same lipohilicity, demonstrated similar anti-TB activity. No
correlation existed between activity and redox potential (E1/2) in
this subgroup of compounds (e.g., compound 4 versus compound
10). When we compared the active 3-nitotriazole-based sulfon-
amides to reference compounds tested in parallel, we observed
that compounds 2, 4, and 7 were more potent antitubercular
agents than CSR, ETB, and PMA but less potent than amikacin,
INH, and RMP (Table 1).

3-Nitrotriazole-based amides 11 to 17, as well as 2-nitroimid-
azole-based sulfonamides and amides 18 to 23, did not demon-
strate activity against RP M. tuberculosis, since their IC90 values
were �100 �M.

Antitubercular activity against NRP M. tuberculosis (LORA).
Active compounds and several inactive compounds in the initial
screening against RP M. tuberculosis (Table 1) were then tested
against NRP M. tuberculosis by using the low-oxygen assay (23).
The data of this secondary screening are shown in Table 2. Data
from Table 1 are included for comparison purposes. Several com-
pounds, indicated with an asterisk, were screened in the Institute
for TB Research at the UIC.

Active compounds in the BTG assay were considerably less
active in the LORA. Thus, the most active compounds, 2, 4, and
7, had LORA MIC values ca. 70-, 191-, and 162-fold greater,
respectively, than their IC90 values in the BTG assay (Table 2).
In general, all 3-nitrotriazole-based compounds tested in the
LORA had LORA MIC values 2.6- to 53-fold greater than their
BTG MIC values (Table 2). To the contrary, all 2-nitroimidaz-
ole-based compounds in Table 2 (compounds 19 to 23) dem-
onstrated lower LORA MIC values (�50 �M; 6.2 to 16.1 �g/
ml) than their IC90 values in the BTG assay. Therefore,
2-nitroimidazole-based compounds seem to be more active
against NRP than RP M. tuberculosis. However, none of these
compounds (19 to 23) was more potent than RMP or PA-824,
but they were significantly more efficacious (�22- to 51-fold)
than INH (Table 2).

FIG 1 Chemical reaction.

Papadopoulou et al.

6830 aac.asm.org Antimicrobial Agents and Chemotherapy

http://aac.asm.org


TABLE 1 Antitubercular activity of tested compounds against H37Rv M. tuberculosis (BTG assay) and their physical propertiesa

Compound IC50 (�M) IC90 (�M) MIC (�M) Chemical structure clogP E1/2 (V)

1 9.37 13.59 50.00 1.74 �1.508

2 0.57 0.98 3.13 2.26 �1.502

3 4.30 7.87 25.00 2.35

4 0.38 0.43 1.56 2.86 �1.498

5 4.94 6.66 12.50 2.35

6 �100 �100 NA 1.84

7 0.79 0.87 3.13 2.97 �1.509

8 11.84 12.76 25.00 2.67 �1.502

9 �100 �100 NA 0.79

10 �100 �100 NA 1.18 �1.482

11 �100 �100 NA 2.92 �1.491

12 �100 �100 NA 1.05

13 60.0 �100 NA 1.57

14 �100 �100 NA 1.7

(Continued on following page)
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Antitubercular activity against drug-resistant M. tuberculo-
sis strains. Five 3-nitrotriazole-based compounds with activity
against RP M. tuberculosis (compounds 2, 3, 4, 7, and 8) and one
2-nitroimidazole-based amide with activity in the LORA (com-
pound 21) were subjected to secondary testing against sensitive
and drug-resistant M. tuberculosis strains, as shown in Table 3.
There are some variations in the IC50 and MIC values in Tables 1
and 3 due to the different methods applied (see Materials and
Methods) and variations of H37Rv strains among labs (24). The
MIC values in Table 3 do not always represent the concentration

required for 100% growth inhibition, since the plateau in the
growth curves did not always reach this value. Therefore, the
greatest growth inhibition obtained in each case is provided in
Table 3.

RMP- and OFX-resistant strains did not develop cross-re-
sistance to the 3-nitrotriazole-based chlorothiophene-2-sul-
fonamides compounds 2, 3, and 4. In fact, RMP-resistant M.
tuberculosis was ca. 2-fold more sensitive to compound 2 than
H37Rv bacilli (IC50, 0.85 versus 1.59 �M), and the MIC value
represents 97% inhibition of growth compared to 85% for

TABLE 1 (Continued)

Compound IC50 (�M) IC90 (�M) MIC (�M) Chemical structure clogP E1/2 (V)

15 97.5 �100 NA 1.83 �1.456

16 �100 �100 NA 2.67

17 �100 �100 NA 2.58

18 �100 �100 NA 2.27

19 �100 �100 NA 2.71

20 90.8 �100 NA 2.71

21 100 �100 NA 3.07 �1.441

22 ND ND ND 2.52

23 99.0 �100 NA 2.95

Amikacin 0.07 0.12 0.16
CSR 23.55 26.38 100 Cycloserine
ETB 1.50 1.64 6.25 Ethambutol
INH 0.13 0.20 0.31 Isoniazid
PMA 24.27 46.37 100 Pyrimethamine
RMP 0.02 0.03 0.04 Rifampin
a NA, not applicable; ND, not determined. clogP values were predicted by using the Marvin calculator (Chemaxon).
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H37Rv. Similarly, the OFX-resistant strain was �2-fold more
sensitive to compound 2 than the H37Rv bacilli, based on both
IC50 and MIC values (Table 3).

RMP- and OFX-resistant strains did not develop cross-re-
sistance to the 3-nitrotriazole-based arylsulfonamides 7 and 8,
based on similar IC50 and MIC values and the percent growth
inhibition observed (Table 3). Interestingly, RMP- and OFX-
resistant strains were ca. 2-fold more sensitive to the 2-nitro-
imidazole-based arylamide 21 (compare IC50 and MIC values
in Table 3). So, in general, RMP- and OFX-resistant strains
were similarly sensitive or more sensitive than H37Rv strains
for all compounds tested. The OFX-resistant strain was about
4-fold less sensitive to RMP than the H37Rv strain, implying
that the tested compounds have a different mechanism of ac-
tion than that of RMP (Table 3).

With regard to the INH-resistant strain, however, we saw some
differences among the compounds tested. Based on the MIC val-
ues and percent inhibition at the MIC, this strain was 2-fold less
sensitive than H37Rv for compounds 2, 3, and 4, about 2-fold
more sensitive for compound 7, about 8-fold less sensitive for
compound 8, and similarly sensitive for compound 21, although
for the latter the strain appeared to be 2-fold more sensitive than
H37Rv based on the IC50s (Table 3).

Activity and toxicity in infected macrophages. The same
compounds tested for activity against resistant strains (Table 3)
were also tested for intracellular activity in infected J774 macro-
phages at three 10-fold-different concentrations based on their
MIC values. A log reduction in the burden of the intracellular
bacilli was observed for all tested compounds (Table 4). Interest-
ingly, all 3-nitrotriazoles except for compound 7 produced a �1-
log reduction (�90% inhibition) at the lowest concentration,
which was lower than the MIC value in Table 3. However, no
dose-response log reduction was observed for any of the tested
compounds, except for the reference compound RMP (Table 4).
The best log reduction achieved (similar to that of RMP at the
highest concentration tested, 12.2 �M) was for the 3-nitrotria-
zole-based chlorothiophene-2-sulfonamide, compound 2. Thus,
a reduction of 1.72 logs was observed (�97% inhibition) at 2.74
�M of compound 2, a concentration close to its MIC value, as
reported in Table 1.

The viability of J774 cells was �50% for compounds 2, 3, 7,
and 21 at their highest tested concentrations (Table 4), and this
might explain why we did not see a dose-response log reduction
in bacilli. Compounds 4 and 8 were not toxic in J774 cells at the
highest concentration tested, providing 91 and 70% viability at

188 and 194 �M, respectively. When we estimated the IC50s of
the compounds in macrophages and calculated a selectivity
index (SI) by using the ratio of the estimated IC50 in J774 cells
and the corresponding IC90 value in Table 1, we observed that
compounds 2, 4, and 7 demonstrated good selectivity (Table 4). In
the case of compound 21, which was moderately active against
NRP M. tuberculosis, we obtained an SI of 9 by using the LORA
MIC value of 30.17 �M (Table 2). It is worth mentioning that the
dichlorothiophene-2-sulfonamide, comound 4, besides not being
toxic to the macrophages (SI, 795), demonstrated the lowest IC50,
IC90, and MIC values against RP bacilli in both primary and sec-
ondary assays (Tables 1 and 3). An SI of 694 was calculated for
RMP.

Bactericidal activity. A compound is considered to be bacte-
ricidal if the MBC/MIC ratio is �4 (25). None of the compounds
in Table 3 satisfied this criterion (data not shown), and therefore
the compounds were considered bacteriostatic.

DISCUSSION

We have shown that a new class of nitrocompounds, 3-nitro-
1,2,4-triazole-based sulfonamides, forms a potential scaffold with
aerobic antitubercular activity. Further improvements might pro-
vide activity against NRP bacilli as well. Since the number of active
3-nitrotriazole-based sulfonamides was limited, adequate struc-
ture-activity relationships (SARs) cannot be discussed. However,
it is clear that antitubercular activity under aerobic conditions in
this subgroup decreases with decreasing length of the linkage be-
tween the nitrotriazole ring and the sulfamido group. Thus, a 10-
and 100-fold reduction occurred in the IC90 value, respectively,
when we moved from a 2-methylene to a 3-methylene and
4-methylene linker, respectively (compare compound 6 to com-
pounds 1, 3, 5, and 8 and to compounds 2, 4, and 7, respectively).
A second chlorine in the thiophene ring slightly improved aerobic
antitubercular activity (compare compounds 3 and 5 to 1 and
compare compound 4 to 2). As mentioned earlier, this improve-
ment in activity could be related to increased lipophilicity (Table
1). The position of the sulfamido group in the thiophene ring
does not seem to play a significant role in the antitubercular

FIG 2 Representative plot of data obtained in the BTG assay for compound 2.
MIC values from the BTG assay were not calculated from the fitted curve but
represent the first point in the plateau phase.

TABLE 2 Comparison of antitubercular activities of selected
compounds against M. tuberculosis via aerobic (BTG) or anaerobic
(LORA) testa

Compound ID IC90 (�M) BTG

MIC (�M) based on:

BTG LORA

2 0.98 3.13 68.40
3 7.87 25.00 64.76
4 0.43 1.56 82.25*
7 0.87 3.13 140.83*
8 12.76 25.00 64.60
19 �100 NA 41.82*
20 �100 NA 27.14*
21 �100 NA 30.17*
22 ND ND 18.13*
23 �100 NA 25.24*
RMP 0.03 0.04 1.90
INH 0.2 0.31 �934*
PA-824 1.34*
a Values are averages of duplicate measurements. NA, not applicable; ND, not
determined. *, the compound was tested at the Institute of TB Research at the UIC.
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activity (compare compounds 5 and 3); however, this is not
conclusive, since both of these compounds share the same
clogP value (Table 1).

Several 2-nitroimidazole-based amides and sulfonamides
demonstrated moderate but selective activity against NRP M. tu-
berculosis, and their anaerobic MIC values were better than that of
metronidazole (MIC � 62.5 �M) (26). The LORA MIC values of
all active 2-nitroimidazole-based amides or sulfonamides were in
the same concentration range; therefore, no extensive SARs can be
discussed (Table 2). It is noticeable that compound 20, with the
sulfonamide group in the 2-position of the thiophene ring, was
slightly more active than its analog, compound 19 with the sulfon-
amide group in the 3-position, and this was not due to lipophilic-
ity, since both analogs had the same clogP value (Tables 1 and 2).
The p-trifluoromethoxy group in the amide of compound 21 re-
sulted in almost a 2-fold decrease in its anaerobic activity com-
pared to analog 22, which has a p-trifluoromethyl group instead
(Tables 1 and 2).

In general, “single”-drug-resistant M. tuberculosis strains were
not cross-resistant to 3-nitrotriazole-based sulfonamides, which
demonstrated intracellular anti-TB activity as well.

3-Nitrotriazole-based compounds are excellent substrates of
the oxygen-insensitive type I NTR, which contains flavin mono-
nucleotide (FMN) as a coenzyme and activates nitrocompounds
via a series of 2-electron reductions (18, 19, 21). In M. tuberculosis
bacilli, an F420-dependent nitroreductase (in Rv3547), Ddn, is
responsible for the activation of PA-824 and similar nitroimidaz-
oles (27). The F420 deazaflavin coenzyme is an obligate two-elec-
tron donor (28). Moreover, the aerobic, but not the hypoxic, an-

ti-TB activities of PA-824 analogs were proportional to their
affinities to Ddn (26). Therefore, we hypothesized that this enzy-
matic system is involved in the activation of 3-nitrotriazoles and
their aerobic antitubercular activity.

With regard to the anaerobic activity of PA-824, it was shown
that Ddn converts PA-824 into the corresponding des-nitroimid-
azole and reactive nitrogen species, including nitric oxide (NO),
which are the major effectors of PA-824 anaerobic activity (29).
Thus, PA-824 analogs may act as intracellular NO donors and
could augment a killing mechanism intrinsic to the innate im-
mune system (26).

NLCQ-1, which is activated under hypoxia by cytochrome
P450 reductase (17), is also activated by inducible nitric oxide
synthase (iNOS) (R. Cowen, unpublished data), an enzyme with
structural similarities to cytochrome P450 reductase. iNOS is in-
duced in infected macrophages and, in the presence of oxygen,
converts L-arginine to L-citrulline, with the concomitant release of
NO. However, this release is limited under hypoxia. Therefore, it
is possible that 2-nitroimidazoles, like the ones presented, could
be activated in macrophages by iNOS to toxic metabolites that kill
M. tuberculosis, especially in hypoxic granulomas (10). In the pres-
ent study, no intracellular activity was demonstrated by com-
pound 21, the only 2-nitroimidazole studied in macrophages;
however, the in vitro studies do not resemble the hypoxic environ-
ment of the in vivo situation.

Ddn does not activate all nitroimidazoles. Thus, the 5-nitro-
imidazole metronidazole, which demonstrates moderate activity
against NRP M. tuberculosis, is not a substrate for Ddn (26). In
addition, a series of antitubercular and structurally similar nitro-

TABLE 3 Antitubercular activity of selected compounds against sensitive and resistant M. tuberculosis strains

Compound

Inhibitory concn (�M) of compound in M. tuberculosis straina

H37RV INH resistant RPM resistant OFX resistant

IC50 MIC (% inhibition) IC50 MIC (% inhibition) IC50 MIC (% inhibition) IC50 MIC (% inhibition)

2 1.59 8.44 (85) 1.53 17.1 (85) 0.85 8.28 (97) ��0.85 4.57 (92)
3 3.68 16.19 (97) 20.44 32.4 (62) 3.73 16.11 (94) 3.24 7.98 (82)
4 0.34 1.95 (102) 1.30 3.9 (72) 0.325 1.95 (100) 0.275 1.95 (98)
7 1.64 7.53 (83) 1.22 3.67 (81) 1.69 7.41 (93) 0.95 8.14 (86)
8 3.15 8.32 (100) 26.69 64.6 (77) 3.31 8.01 (97) 4.32 8.01 (90.4)
21 71.66 558.7 (84) 31.67 558.7 (80) 31.25 279.3 (85) 45.0 279.3 (77)
RMP 0.06 (81) 0.06 (67) NA 0.237 (75)
INH NA NA 0.146 (86) NA
a All values are averages of duplicate measurements. The INH resistance level relative to that of the wild-type strains was 100%, 83%, and 17% at 1.46 �M, 7.30 �M, and 36.5 �M,
respectively. NA, not applicable.

TABLE 4 Antitubercular activity of selected compounds in infected macrophages and toxicity of compounds for J774 macrophagesa

Compound Log reduction (concn of compound [�M])b

% viability
(concn of compound [�M]) SIc (IC50/IC90)

2 1.72 (2.74) 1.78 (27.4) 1.75 (274) 32 (274) 180
3 1.30 (1.94) 1.31 (19.4) 0.94 (194) 24 (194) 13
4 1.18 (1.88) 1.16 (18.8) 1.45 (188) 91 (188) 795
7 0.69 (2.44) 1.03 (24.4) 1.00 (244) 19 (244) 129
8 1.36 (1.94) 1.55 (19.4) 1.56 (194) 70 (194) 21
21 0.36 (2.79) 0.31 (27.9) 0.24 (279) 38 (279) 9
RMP 0.76 (0.122) 1.11 (1.22) 2.0 (12.2) 86 (12.2) 694
a All values are averages of duplicate measurements.
b Data are for three serial 10-fold dilutions of the indicated compound.
c For calculation of the selectivity index (SI), IC90 values from Table 1 were used. In the case of compound 21, the LORA MIC from Table 2 was used.
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furans appear to be reduced via a nitroreductase different from
Ddn (30). Therefore, another oxygen-sensitive nitroreductase
might be responsible for the reduction and activity against NRP
bacilli, as observed with the 2-nitroimidazoles studied. Recently, it
was found that Rv2032 (a member of the Acg family) is one of the
most induced genes in the hypoxic model of tuberculosis dor-
mancy (31). The product of Rv2032 is a nitroreductase and could
be responsible for the activation of nitrocompounds under hy-
poxic conditions.

In conclusion, two 3-nitro-1,2,4-triazole-based chlorothio-
phenesulfonamides, compounds 2 and 4, have been identified to
have significant aerobic anti-M. tuberculosis activity, including ac-
tivity in infected macrophages, and minimal toxicity. Moreover,
compound 2 demonstrates good metabolic stability and Caco-2
permeability (unpublished data), similar to compound 1 (21).
Recently, we demonstrated that compound 4 completely prevents
the formation of biofilm at 10 �M, the lowest tested concentration
(unpublished data). Therefore, in vivo evaluations of compounds
2 and 4, as well as investigation of their mechanisms of action, are
warranted.
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